Abstract The northern reef of Yongxing Island, the largest reef island of the Xisha Islands in the South China Sea, was in good condition with significant cover of scleractinian corals until 2002. Surveys in 2008 and 2010, however, found that coral coverage had declined rapidly and severely, implying that catastrophic coral mortality occurred during the past 8 years. A blackish mat was observed covering live and dead corals in both 2008 and 2010 that was identified as an encrusting sponge, Terpios hoshinota, by special surface morphology and spicule structure. In addition, spicule residues were found on the surface of long-dead corals, indicating a previous invasion of T. hosinota. T. hoshinota is referred to as the ''black disease'' because it rapidly overgrows and kills corals. Our evidence indicates that outbreaks of black disease are at least partially responsible for the massive coral mortality at the northern reef of Yongxing Island over the past 8 years, although human activities and heat-related coral bleaching cannot be discounted as minor causes for this coral decline.
INTRODUCTION
Degradation of coral reef is a world-wide phenomenon that has accelerated over the past few decades, resulting in massive mortality of scleractinian coral and a rapid decline in total coral coverage (Wilkinson 2004) . According to the report of global coral reef monitoring network (GCRMN), the world has effectively lost 19% of the original area of coral reef (Wilkinson 2008) . A series of threats are responsible for this widespread damage, including natural stressors such as coral bleaching, coral diseases, plagues of predators, invasive species, storms, freshwater inundation, seismic events, and volcanic eruptions, and human pressures such as pollution, over-fishing, over-exploitation, modification, and engineering practices (Wilkinson 2004) . Global threats (bleaching, disease, and predators) are suspected to increase in frequency and severity coincident with direct human disturbances (Wilkinson 2004) .
Degradation of coral communities has been found along many different fringing reefs in China, and the coverage of live coral has declined by about 30-70% over the past few decades (Zhang et al. 2006; Chen et al. 2007; Shi et al. 2007; Huang et al. 2009; Zhao et al. 2010) . Surveys provided compelling evidence that coral degradation was primarily the result of human activities, including engineering projects, destructive fishing practices, and pollution Zhang et al. 2006; Chen et al. 2007; Huang et al. 2009; Shi et al. 2010) . In contrast, little evidence pointed to coral bleaching and coral diseases as major causes for this massive coral mortality.
Yongxing Island (Woody Island) is the largest reef island within the Xisha Islands (Paracel Islands) located in the middle of the South China Sea (Fig. 1a) . The coral community was flourishing within the reef as recently as the 1970s and 1980s (Zou 1978; Wang 2001 ), but was destroyed by harbor construction on the south and west sides and by airfield construction on the east side. Thus, only the northern reef has sustained abundant corals with high coverage into the early twenty-first century (Li et al. 2004; Huang et al. 2006) . Our recent surveys, however, reported massive coral deaths and a large decline in coral coverage at the northern reef in 2008 and 2010 that was associated with blackish mats covering both live and dead coral.
This blackish mat was first observed at Guam (Bryan 1973) , and was subsequently found on coral reefs around the western Pacific, including Guam, Northern Mariana Island, Western Caroline Islands, American Samoa, the Philippines, Taiwan, and the Ryukyu Archipelago (PlucerRosario 1987; Ruetzler and Muzik 1993) . The last report of this blackish mat was at Green Island off the southeastern coast of Taiwan in 2006 at a coral reef known to be free of this black mat only a few years earlier (Liao et al. 2007) . It was finally identified as an encrusting sponge named Terpios hoshinota that symbiosed with photosynthetic cyanobacteria (Ruetzler and Muzik 1993; Liao et al. 2007) . T. hoshinota overgrew and killed corals and is now referred to as the ''black disease'' (Ruetzler and Muzik 1993) . It can grow rapidly and widely on substrate (Bryan 1973; PlucerRosario 1987; Soong et al. 2009) toxic to other reef organisms (Teruya et al. 2004) , and is an aggressive competitor for nutrients (Bryan 1973) and space (Ruetzler and Muzik 1993) on coral reefs. Outbreaks of T. hoshinota are now recognized as a major threat to coral communities. We had surveyed coral coverage and collected samples at the northern reef of Yongxing Island during the summers of 2008 and 2010. In this article, we determined that the blackish mat was T. hoshinota and discussed the major cause of massive coral mortality at the northern reef of the Island.
MATERIALS AND METHODS

Study Area
Yongxing Island is a reef island in the Xuande Atoll located in the eastern Xisha Islands at the center of the South China Sea (Fig. 1a) . It is about 400-500 km from the Chinese mainland. This island is oval-shaped with an NNW-SSE long axis of 1.8 km and the NNE-SSW short axis of 1.2 km, and occupies a land area of 1.8 km 2 (Zhao et al. 1999) . Yongxing Island shows typical circular geomorphological zones divided into reef foreslope, reef flat, beach, sand barrier, sand mat, and dry lagoon at the island center (Yu et al. 1995) . The reef flat usually stretches out 400-800 m with scleractinian coral, mollusks, calcareous algae, and foraminifera residues (Yu et al. 1995) . The reef slope is about 25-30 m deep and 100-800 m wide with flourishing corals and developed grooves (Wang 2001) . Scleractinian corals of 14 families, 21 genera, and 35 species were found in 1970s (Zou 1978) , while 9 families, 14 genera, and 23 species were found in 2002 (Li et al. 2004; Huang et al. 2006 ). There are two harbors at the southwest side and an airfield on the east side of Yongxing Island (Fig. 1b) .
Transect Survey
Line intercept transect is recommended by GCRMN as the standard method for coral reef survey using 20 m line transects. A video line intercept transect expanded the survey to 50 9 0.25 m 2 belt transects using a video camera and was easier and more representative than line intercept transect (English et al. 1997 ). In our survey, each transect was a belt of 100 9 0.5 m 2 that could yield more information on benthic communities. A quadrat frame was designed with 50 cm of marked scales that could be fixed with an underwater digital video camera. During surveys, a scuba diver swam slowly along a transect, put the quadrat frame close to the reef surface, and recorded an uninterrupted real video over the entire transect. The video was transferred onto computer, and was viewed and analyzed to estimate percent coverage of corals and other benthos (English et al. 1997) .
Four transects of 100 m length were established at the northern reef of Yongxing Island, including two transects perpendicular to the coastline at a depth of 2-12 m and two transects parallel to the 4 and 8 m isobath, respectively (Fig. 1b) . The position of each transect was controlled by GPS. Four transects were surveyed in July 2008 and August 2010.
Sampling and Analysis
In the surveys from 2008 and 2010, both live and dead corals were covered by a blackish mat resembling the sponge T. hoshinota (Fig. 2a, b) . This blackish mat was photographed in situ and sampled to analyze its surface morphology and spicule structure. Long-dead corals uncovered from the blackish mat were sampled as well. All samples were placed in sterile 50 ml polypropylene centrifuge tubes at 4°C and transported back to a field station in less than 2 h where they were preserved in 80% ethanol at -20°C until analysis.
A small sample (about 0.1-0.3 g) was picked from the black mat and coverings of long-dead coral and washed twice with distilled water to remove the ethanol and impurities. The cleaned sample was put into a 1.5-ml plastic centrifugal tube with 10% 0.5 ml NClO solution and incubated for 24 h to digest the samples. After full digestion, the sample was blended with distilled water and centrifuged at 3000 rpm for 5 min. This process was carried out twice to remove digested product and to condense the suspension. The suspension was dripped onto a microscope slide and observed and photographed with a digital camera.
RESULTS
Morphology and Spicule Structure of T. hoshinota
The survey demonstrated that blackish mats on the coral were less than 1-mm thick and were gray or dark gray to dark brown and black. A radial canal system structure was observed on the mat surface that contained small osculum at the center of radiating exhalant networks (Fig. 2c) . The blackish mat from the northern reef showed similar superficial features with a sponge, T. hoshinota, found in Okinawa (Ruetzler and Muzik 1993) and Green Island, Taiwan (Liao et al. 2007) .
Spicule is an important skeletal structure in most sponges and is organized into radiating bundles near the ectosomal region (Bryan 1973; Ruetzler and Muzik 1993) .
T. hoshinota has distinctive spicules that can be used to identify this sponge (Ruetzler and Muzik 1993) . Under an optical microscope, the blackish mat collected from Yongxing Island included many long and slender spicules ( Fig. 2d ) with typical pin-shaped tylostyle (Fig. 2e) . The mean spicule length was 323.1 lm (SD = 54.4 lm) as averaged from 30 randomly selected specimens. The tylostyle spicule exhibited a lobed head with four knobs perpendicular to each other and to the shaft (Fig. 2e) . T. hoshinota is distinguished by lobed tylostyle spicules (Bryan 1973; Ruetzler and Muzik 1993) . Thus, we concluded that the blackish mat encrusting corals in the Yongxing Island belonged to T. hoshinota. A new T. hoshinota covering is easy to discriminate in the field and in the laboratory by the superficial morphology and spicule structure. It is difficult, however, to judge whether long-dead corals were killed by T. hoshinota because there is no blackish mat, only algae or fragments on the coral surface. If coral had been covered by the sponge, the special spicule would remain on the surface of dead coral when both the coral and T. hoshinota died. Ten surface samples of long-dead coral were observed under the microscope, and residues of spicules showing the typical spicule shape of T. hoshinota were found in six samples (Fig. 2f ). This indicates that some dead corals had been covered by T. hoshinota and suffered from black disease in the past.
Coverage of Live Coral and Black Disease
Preliminary underwater observation found that live coral was distributed mainly at the northern reef, was sparse at the eastern reef and scarce or absent at the western and southern reef. At the northern reef, the dominant coral was foliate Montipora, while other less numerous corals included Acropora, Pavona, Favia, Favites, Goniastrea, Platygyra, Galaxea, Hydnophora, Pocillopora, and Porites. Coral distribution was reduced significantly at greater depths along the reef slope. There was a relative high coverage at depths above 6 m, but progressively less coral below 6 m.
In 2008, the coral coverage along the four 100 m transects (T1-4) at the northern reef was calculated: 15.0% (T1), 8.0% (T2), 73.1% (T3), and 0.8% (T4) (Fig. 3a) . Most of the coral was distributed along the fore portions (0-50 m) of the two perpendicular transects (T1 and T2), and was relatively scarce along the rear portions (50-100 m) of these two transects. This reduction in density toward the rear of the T1 and T2 transects was consistent with the rich coral observed on transect T3 at the 4-m isobath and scarce coral on transect T4 at the 8-m isobath. It was apparent that coral mainly concentrated to the relatively shallow slope and decreased with depth. In 2010, coral coverage along these same transects declined significantly to 1.3% (T1), 0.6% (T2), 4.5% (T3), and 0.3% (T4) (Fig. 3a) . The average coverage of coral was 24.2% in 2008 but only 1.7% in 2010 based on the data from these four transects, indicating that the coral community was already in a ''degraded condition'' (coverage lower than In 2008 and 2010 surveys, black disease caused by T. hoshinota was prevalent at the northern reef, but less common at the eastern reef and scarce at the western and southern reef, probably due to the sparse distribution of live corals at these sites. Higher coral coverage will attract T. hoshinota to cover and grow. T. hoshinota was found growing on different kinds of corals, but mainly on Montipora, perhaps because Montipora was the dominant coral at the northern reef. T. hoshinota was a non-specific invasive species and invaded all dominant species at the coral reef of Green Island, Taiwan ). Studies also showed that T. hoshinota grew faster on live coral than on other substrates like dead coral or rock (Bryan 1973; Lin and Soong 2009) .
In 2008, coverage of T. hoshinota was different along the four transects: 19.9% (T1), 4.4% (T2), 0.4% (T3), and 6.7% (T4) (Fig. 3b) . In contrast to the coral coverage, the sponge was distributed mostly on the rear portions (50-100 m) and less prevalent on the fore portions (0-50 m) along transect T1 and T2. It was also scarce along transect T3 at the 4-m isobath, but more common along transect T4 at the 8-m isobath. It was apparent that the invasion of T. hoshinota decrease in live coral, T. hoshinota coverage in 2010 had declined to 3.6% at T1, 2.0% at T2, and 0.7% at T4, but rose from 0.4 to 12.0% along transect T3 (Fig. 3b) . Transect T1, T2, and T4 had low coral coverage, and transects T1 and T4 exhibited a higher coverage of sponge than coral in 2008, resulting in a reduction of black disease due to its fast growth rate and reduced growth space on the remaining coral. Transect T3 had the highest coral coverage in 2008, thus providing enough space for T. hoshinota growth and resulting in increased sponge coverage along with decreased coral. The average coverage of T. hoshinota was 7.8% at the northern reef in 2008 and declined to 4.6% by 2010.
DISCUSSION
Change of Coral Coverage over the Past Decades
Prior to 2002, there were few extensive surveys of coral coverage around Yongxing Island, and even the 2002 survey investigated only four 1 9 1 m 2 quadrats at the northern reef ). The mean coral cover at the northern reef was 93.5% ), but this is very likely an overestimate because of a few surveyed quadrats. None-the-less, these surveys still reflected healthy coral status at early times and revealed a serious decline in coral coverage over the past decades combining with our survey (Fig. 4) . Coral coverage was 90% at the northern reef in the 1980s (Wang 2001) , and remained high at 93.5% in 2002 ). Coral coverage declined by about 70% within the 6 years from 2002 to 2008 and continued to decline by around 20% from 2008 to 2010. In general, corals were in good condition (coverage higher than 50%, Mok 2008) at the northern reef until the beginning of the twenty-first century, but were degraded rapidly in a short time after 2002. It is clear that some stresses introduced during this period resulted in severe coral mortality.
Luhuitou (LHT) Reef located at the south of Hainan Island (Fig. 1a) is a typical fringing reef close to Sanya city and harbor, and has been negatively impacted by human activities, including destructive over-fishing, excessive reef rock diggings, coral collection in the 1970s and 1980s, and by aquaculture and pollutant discharges since the 1990s (Zhang et al. 2006; Shi et al. 2007) . Coral coverage has shown a continual decline with a nearly linear trend since the 1960s (Zhang et al. 2006; Zhao et al. 2010 ). For example, coral cover was about 85% in the 1960s, but declined to 60% by the 1980s, to 35% by the 1990s, and to 12.2% in 2006 where it has since stabilized (Fig. 4) . This pattern of change in coral coverage at LHT Reef is quite different from that at the northern reef of Yongxing Island, where decline of coral coverage occurred rapidly in only 8 years.
Major Causes of Coral Mortality
Human Activities
Human activity is regarded as one of main reasons for the decline of coral cover (Wilkinson 2004 ), especially at fringe reefs like the LHT Reef. In Yongxing Island, two harbors were built at the southwest side in the 1970s and an airfield runway was built at the east side in the 1990s. Construction dredging on the reef flat and slope nearly destroyed the coral communities at the western, southern, and eastern reef. There was no engineering construction at the north side so corals at the northern reef were not influenced directly by construction. Controlled by monsoons, the prevailing winds are from the southwest in summer and from the northeast in winter in the Xisha Islands region, and the sea currents show a similar seasonal pattern (Nie et al. 1997) . Owing to the NNW-SSE long axis of Yongxing Island, the southwestern current becomes weak around the island into the northern reef. Moreover, the outstretched airfield runway and a dyke connecting Yongxing Island and Shi Island at the northeast (Fig. 1b) are like barriers to block the southwestern current. Therefore, the northern reef formed a relatively shielded habitat that favors coral growth . As result of these barrier effects, the turbidity caused by the construction dredging in the southwest and east had little influence on the northern reef, and corals remained in rather good condition at the northern reef with high coverage.
In addition, fishing, coral and shell collecting, and sewage discharge from the island and ships were other human activities that negatively impacted the corals in Yongxing Island (Li et al. 2004 ). These activities have (Zhang et al. 2006; Zhao et al. 2010) continued in recent years, but have not increased due to limited space for population growth and the strict military control of the island. Recent studies found that the seawater around Yongxing Island was of higher quality in terms of heavy metals and nutrient contents than the highest level specified by the National Seawater Standards (Zhou et al. 2007; Wu et al. 2010) , indicating no significant seawater pollution around island in recent years. It is difficult to evaluate quantitative loss of coral cover caused by the human activities due to lack of detailed surveys, but the data from the LHT Reef provided a reference. Human activities were mainly responsible for the destruction of the LHT Reef (Zhang et al. 2006; Shi et al. 2007) , and coral coverage declined by about 12% between 2002 and 2010 ( Fig. 3) . The intensity of human activities was weaker in Yongxing Island during this period, so the loss of coral cover caused by human activities should not have exceeded 12% at the north reef of Yongxing Island from 2002 to 2010. Thus, we believe that human impact may have decreased coral cover to some extent, but could not have caused the massive coral mortality observed over this time.
Heat-Related Coral Bleaching
Coral bleaching events can eliminate more than 90% of corals on a reef (Glynn 1984; Wilkinson et al. 1999) and is regarded as an important global stress on corals (Wilkinson 2004) . The year 1998 saw the largest coral bleaching and mortality event ever recorded, and it was estimated that 16% of the world's coral reefs were destroyed (Wilkinson 2004) . The increasing frequency and spread of coral bleaching events over the past decades are correlated with elevated seawater temperatures, often related to large-scale El Nino events (Glynn 1984; Hoegh-Guldberg 1999; Wilkinson et al. 1999 ). In our survey, fishermen from Yongxing Island stated that there was no massive bleached corals found on the reef around the island in the past decade, but this does not mean that bleaching has not had an impact because there have been no regular ecological surveys. A coral bleaching hotspot is a measure of the occurrence and magnitude of thermal stress potentially conducive to localize coral bleaching. A hotspot is a sea surface temperature (SST) anomaly based on the long-term mean SST of the hottest months, and a hotspot exceeding 1°C above the mean of the hottest months is sufficient to cause bleaching stress on corals (Glynn and D'Croz 1990; Goreau and Hayes 1994) . The ocean monitoring station at Yongxing Island recorded a monthly mean SST of 29.9°C in the hottest month during (Fig. 5) . Taking the hotspot threshold of 1°C above the mean of the hottest months, the thermal threshold of coral bleaching is 30.9°C at the reef of Yongxing Island. This threshold is higher than peak monthly mean SST recorded in the hottest month during 1960 ) and higher than the 30.3°C average monthly maxima at 47 coral bleaching spots world-wide in 1998 (Lough 2000) . In the past decade, only the year 2004 showed a peak summer SST (30.8°C) close to the bleaching threshold of 30.9°C at Yongxing Island (Fig. 5) , implying that coral bleaching could have occurred in 2004. Bleached corals can quickly recover in the absence of continued thermal stress. The GCRMN global status reported that many coral reefs that were severely damaged in the most extensive coral bleaching event in 1998 have demonstrated remarkably rapid recovery since then, and approximately 40% of the lost reefs had recovered by 2004 and approximately three quarters by 2008 (Wilkinson 2004 (Wilkinson , 2008 . In Yongxing Island, SSTs have declined rapidly by about 0.5-1.0°C since 2004, significantly lower than the coral bleaching thermal threshold since 2004 (Fig. 5) . If there was coral bleaching in 2004, the bleached coral would have recovered. In fact, the coral coverage has declined continuously since then, implying that some other factors have disturbed coral recovery. Therefore, heatrelated coral bleaching may have caused some loss of corals, but is not the main factor responsible for the massive coral mortality at the northern reef.
Crown-of-Thorns Starfish (COTS)
Coral-eating COTS (Acanthaster planci) can cause extensive damage to coral communities because the feeding rate of these starfish is greater than the growth, recruitment, and survival of corals (Chesher 1969) . Outbreaks of these starfish have been responsible for the widespread mortality and injury of corals on many reefs in the Indo-Pacific region over the past 40 years (Moran et al. 1988) . Particularly in Australia, the COTS is one of the dominant causes of coral mortality responsible for major declines in coral cover over large areas of the Great Barrier Reef (GBR). Swain Reef in the south GBR, for example, has had persistent outbreaks of COTS, resulting in a reduction in average coral cover from 30 to 40% in 1996 down to 10-20% in 2004 10-20% in (Wilkinson 2004 ).
COTS were not found around Yongxing Island in 2002 or in previous surveys, and the first local report of COTS was in the Ganquan Island about 90 km southwest of Yongxing Island in 2007 (Li 2007) . In 2008, our survey observed COTS at the northern reef of Yongxing Island (Fig. 2a) , and some individual corals swallowed by COTS became white and were regarded as another kind of coral bleaching (Fig. 2a) . The survey showed that coverage of bleached coral was only 0.1, 0.3, and 0.3% along transects T1, T2, and T3. In 2010, COTS were not found and bleached coral was scarce along all four transects of the northern reef. These observations indicate that COTS did not contribute to the massive coral mortality in Yongxing Island in recent years.
Black Disease (T. hoshinota)
Black disease can kill coral rapidly and has been observed in many coral reefs around the west Pacific (Bryan 1973; Ruetzler and Muzik 1993; Liao et al. 2007 ). In our surveys, both live and dead corals were covered by blackish mats at the northern reef (Fig. 2a, b) . This blackish mat was characterized by the typical morphology and spicule structure of T. hoshinota (Fig. 2c-e) , confirming the existence of the black disease in Yongxing Island. In fact, blackish mat covering corals was first reported at the northern reef in 2002 (Li et al. 2004 ), but was thought to result from a bacterial infection as little was known about T. hoshinota and black disease at that time. Spicule residues of T. hoshinota were found on the surfaces of longdead corals (Fig. 2f) , suggesting that corals had been invaded by T. hoshinota in the past. A black disease that is well colonized can last for over a decade, occupying the substrates and preventing the recruitment of juvenile corals (Bryan 1973; Plucer-Rosario 1987) . It is thus possible that black disease first occurred around 2002 and has lasted for at least 8 years in Yongxing Island.
It is difficult to estimate the total coral losses caused by black disease using only this limited survey and without detailed growth and death data for T. hoshinota. Field experiments found that T. hoshinota grew faster on live coral than on non-coral substrates (Bryan 1973; Lin and Soong 2009 ), so plentiful coral allowed rapid growth of T. hoshinota at the northern reef of Yongxing Island. In Green Island, Taiwan, T. hoshinota was first found in 2006, and the average loss of coral coverage was 12% within the first year (Liao et al. 2007) . It is reasonable to conclude that the large decline in coral coverage was due to the fast-growing and long-lasting sponge T. hoshinota. Outbreaks of black disease were the probable major killer that caused massive coral mortality and rapid degradation of the coral community at the northern reef of Yongxing Island over the past 8 years.
It is not clear what caused this outbreak of black disease. Possible environmental factors contributing to such outbreaks including nutrient availability, host specificity, coral coverage, and oceanic currents, and these factors are now being studied (Mok 2008) . T. hoshinota was found at high levels in polluted and stressed areas caused by coastal overdevelopment at Guam (Plucer-Rosario 1987; Ruetzler and Muzik 1993) . At Green Island, Taiwan, T. hoshinota was found mainly near shore, closed to human activity and refuse landfills ). However, field investigations have not yet provided evidence to support enhanced T. hoshinota growth from sewage discharge around coral reefs (Chen 2009 ). In Yongxing Island, seawater has remained rather clean around the reef (Zhou et al. 2007; Wu et al. 2010) , so it is unlikely that polluted seawater around the island enhanced T. hoshinota growth.
The coral reefs where T. hoshinota outbreaks have occurred, including the Philippines, Green Island of Taiwan, and the Ryukyu Archipelago (Ruetzler and Muzik 1993; Liao et al. 2007) , are located closed to the main axis of the Kuroshio Current in the western Pacific. The Kuroshio Current could play a major role in transporting T. hoshinota. A tributary of the Kuroshio Current enters the South China Sea through the Straits of Luzon and joins the southwesterly current in an anticlockwise surface circulation that forms in the South China Sea during winter (Morton and Blackmore 2001) . Yongxing Island is located along the southwesterly flow, suggesting that T. hoshinota might have been transported by a tributary of the Kuroshio Current from coral reefs in the western Pacific.
CONCLUSIONS
Based on our surveys in 2008 and 2010 and data from previous surveys at the northern reef of Yongxing Island, we conclude that (1) corals were in good condition until the beginning of the twenty-first century but that severe coral mortality has occurred over the past 8 years, (2) human activities and heat-related coral bleaching could have caused some loss of the corals but are not the main cause of this massive coral mortality, and (3) the blackish mat covering corals at the northern reef was confirmed to be a sponge, T. hoshinota, that has invaded the reef before. Thus, outbreaks of black disease were most likely responsible for the massive coral mortality at the northern reef of Yongxing Island over the past 8 years.
